Dirac electrons in topological insulators (TIs) provide one possible avenue to achieve control of photocurrents and spin currents without the need to apply external fields by utilizing characteristic spin-momentum locking. However, for TI crystals with electrodes it is actually difficult to characterize the net flow of spin-polarized photocurrents because of the coexistence of surface carriers and bulk carriers generated by optical excitations. We demonstrate here that the net flow directions of spin-polarized photocurrents in TI polycrystalline thin films without electrodes can be precisely and intentionally controlled by the polarization of the excitation pulse alone, which is characterized by performing time-domain terahertz (THz) wave measurements and time-resolved magneto-optical Kerr rotation measurements that are non-contact methods. We show that the amplitudes of s-polarized THz waves radiated from photocurrents under right-and left-circularly polarized excitations are inverted relative to one another. Moreover, we observe the inversion of time-resolved magneto-optical Kerr rotation signals between the two excitations. Our results will open the way as innovative methods to control spin-polarized electrons in optoelectronic and spintronic TI devices without the need to apply external fields.
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Topological insulators (TIs) are attractive materials in looking toward the next generation of electronic devices because there exist Dirac electrons on their surface. The spin polarization of these Dirac electrons is locked in the direction perpendicular to the momentum, which is referred to as spin-momentum locking [1] [2] [3] . When TIs are irradiated with circular polarized light, electrons in TIs are excited from a bulk state or surface state to higher surface states according to optical selection rules, including spin selection 4, 5 . Therefore, it is expected that photocurrents will flow without any need to apply external electric fields, due to asymmetric excitations in the momentum space 5 . In addition, it is anticipated that spin currents are simultaneously induced with the generation of photocurrents in TIs, owing to the spin-momentum locking. Hence, the flow directions of spin-polarized photocurrents in TIs might be readily controlled by varying the polarization of the excitation light.
For TI crystals with electrodes, light irradiation on the sample induces a bulk thermoelectric current due to the Seebeck effect 6, 7 and a photocurrent that is dependent on the crystal axes in the surface layer [8] [9] [10] . While the flow direction of the former current depends on the thermal distribution between the electrodes, the flow direction of the latter can be modified by rotating the sample in-plane. Both currents influence the primary flow directions. Therefore, it is difficult to estimate not only the net flow direction of the photocurrent alone but also the relationship between the flow direction of the photocurrent and spin polarization in TIs with electrodes. In order to realize the precise photocurrent control with the polarization of excitation light, we have measured the terahertz (THz) waves radiated from TI polycrystalline thin films without electrodes, which gives us the information about the dynamics of photo-excited carriers, because the electric fields of the THz waves radiated from photocurrents due to photo-excited carriers are proportional to the time derivative of the photocurrents 11 . In the present study, we demonstrate that the amplitudes of the THz waves radiated from the photocurrent flowing in the sample depend on the polarization of excitation pulses, which indicates the potential to precisely and intentionally control the flow directions of the photocurrents generated at the topological surface state by the polarization of excitation pulses. On the other hand, the photocurrent is expected to be spin-polarized due to spin-momentum locking. The spin polarization of photo-excited electrons with and without an applied external magnetic field has been investigated in previous studies [12] [13] [14] . In this study, we investigated the spin polarization of the photocurrent by measuring time-resolved magneto-optical Kerr rotation signals [15] [16] [17] without any external magnetic field. We show that optical control in terms of the spin polarization of photo-excited carriers in TI thin films can be achieved.
Results
THz wave measurements. In response to excitation pulses applied with various polarization (Fig. 1a) , we observed THz waves radiated from photo-excited carriers in a fabricated Bi 2 Te 3 TI thin film, which has polycrystals preferentially oriented with the c-axis perpendicular to the sample surface (see Supplementary Information) . The s-and p-polarized THz waveforms from the Bi 2 Te 3 thin film under the s-, p-, right-circularly (R) and left-circularly (L) polarized excitations are shown in Fig. 1b,c . We observed p-polarized THz waves in response to all the polarized excitations, while s-polarized THz waves were observed only in response to circularly polarized excitations. Further, we found that under the R-and L-polarized excitations the amplitudes of the s-polarized THz waves are inverted relative to one another. This indicates inversion of the flow direction of the photocurrents along the perpendicular direction (x direction) to the incident plane (y-z plane) at the surface of the Bi 2 Te 3 thin film.
When photocurrents are excited at the surface of the semiconductors, the photo-Dember currents and the transient drift currents, which flow along the depth direction, generally radiate as p-polarized THz waves, not s-polarized THz waves 18, 19 . Hence, in order to verify the origin of the s-polarized THz waves from the Bi 2 Te 3 thin film, we measured the s-polarized THz waves by varying the excitation intensity under the R-polarized excitation. The excitation intensity dependence of the amplitude (dip-to-peak) of the s-polarized THz waveform shown in Fig. 2a clearly indicates that the amplitude depends linearly on excitation intensity, i.e. quadratic dependence on the electric field of the excitation pulse. This result means that the photocurrents at the surface of the Bi 2 Te 3 thin film are generated by the photogalvanic effect (PGE), which is represented by 20 ∑ In order to determine the flow direction of the photocurrent in the Bi 2 Te 3 thin film, we perform 3D plots of the THz waveforms using the s-and p-polarized THz waves. However, we experience a difficulty in making the 3D plots from the p-polarized THz waveforms including the σ zxx Re term because the p-polarized THz waveform under the s-polarized excitation shows a phase shift as compared with the other p-polarized THz waveforms. Therefore, we obtained corrected p-polarized THz waveforms (Fig. S4 in Supplementary Information) by subtracting the raw p-polarized THz waveform under the s-polarized excitation from those under the p-, R-, and L-polarized excitations. The 3D plots of the THz waveforms under the p-, R-and L-polarized excitations depicted in Fig. 2b-d indicate that the THz wave radiated from the PGE currents flowing in the Bi 2 Te 3 thin film is projected to the x-y plane. It is clear that the polarization of the THz wave depends on the polarization of the excitation pulse. The THz wave under the p-polarized excitation exhibits linear polarization along the y direction, which indicates that the PGE current flows in the y-z plane. Under the R-polarized excitation, the THz wave exhibits almost linear polarization inclining at about 45° from the y axis, while the polarization direction of the THz wave under the L-polarized excitation is inclined at about −45°. These results demonstrate that the flow direction of the photocurrent changes with the polarization of the excitation pulse.
We expect that the flow direction of the photocurrent will depend on the ellipticity of the excitation pulse polarization. To investigate this dependence, we measured the s-polarized THz waves by rotating a quarter-wave plate (QWP) through an angle α, which changes the ellipticity of the excitation pulse polarization. The α-dependence of the s-polarized THz wave amplitude in Fig. 2e indicates that the magnitude of the photocurrents flowing in the x direction at the surface of the sample continuously changes with the ellipticity of the polarization of the excitation pulse, while background photocurrent due to the Seebeck effect is hardly observed. In order to verify the ellipticity dependence of the photocurrent, we calculate the photocurrent flowing in the x direction due to the PGE. The x component of the photocurrent, which is dependent on α, is represented by (see Supplementary Information) α α σ δ σ δ σ δ σ δ
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Im Re where δ is the phase retardation appearing at the interface between the s-and p-polarized light (δ is estimated to be approximately 3.5° from the Fresnel coefficients of t s and t p ) 23 , and D indicates the bulk thermoelectric current due to the Seebeck effect. The α-dependence of the s-polarized THz wave amplitude is fitted with Eq. (2) as indicated by the red curve in Fig. 2e , which is in good agreement with the experimental result. This agreement illustrates that excitation pulses with various polarization ellipticities enable one to control the direction of the photocurrent generated at the surface of the Bi 2 Te 3 thin film while suppressing bulk thermoelectric currents (C:L:D = 1:0.8:0.15).
Kerr rotation measurements.
Since Dirac electrons in the TI thin film exhibit spin-momentum locking, the spin polarization of surface Dirac electrons is oriented in the x-y plane, perpendicular to the direction of the photocurrent [1] [2] [3] . Hence we expect that the spin polarizations of the photocurrents under the R-and L-polarized excitations will be inverted relative to one another. Therefore, we have investigated the spin polarization under circular polarized excitations by measuring the time-resolved magneto-optical Kerr rotation (Fig. 1d) . The R-and L-polarized pump pulses were focused on the Bi 2 Te 3 thin film at an incident angle of 45° in the same way as the previous THz wave measurements. The s-polarized probe pulses were focused on the sample at an incident angle of ~36° since the Kerr rotation angle becomes 0 for normal incidence (see Supplementary Information) . The Kerr rotation signals under the R-and L-polarized excitations are shown in Fig. 1e ,f, respectively. Sign inversion of the Ex./Det.
x: S y: P z: Table 1 . PGE current λ J PGE calculated by taking the Fresnel coefficients into account. The first column indicates the polarization of the excitation pulse. The first row indicates the direction of the photocurrent (x, y, z) and the polarization of the THz waves (s,p). E 0 and θ are the electric field and incident angle of the excitation pulse, respectively. t s and t p are the transmission Fresnel coefficients for the s-and p-polarized light, respectively, and δ is the phase retardation caused at the interface between the s-and p-polarized light. Kerr rotation signals is clearly observed between the two excitations. To confirm the time evolution of the Kerr rotation signals ξ K , the experimental data are fitted in Fig. 1e ,f (solid red curve) with 15, 24 where σ is the excitation pulse width, and τ S is the spin relaxation time. The first and second terms describe instantaneous spin contributions of the bulk carriers 25, 26 and non-instantaneous spin contributions of the surface carriers, respectively. Note that the y and z components of the spin-polarization are observed in the present optical configuration. Consequently, for the surface carriers only the y component of the spin polarization is observed, while for the bulk carriers the y and z components of the spin polarization are both observed because the spin polarizations of the bulk electrons are oriented in various directions. The third term represents the bulk carrier contributions with the relaxation time of τ BC , which behave as background signals, because the amplitude A 3 has negligibly small values and τ BC is estimated to be ~2 ps. The components due to the spin relaxation related to the second term in Eq. (3) are marked with solid blue curves in Fig. 1e ,f. The Kerr rotation signals corresponding to the spin dynamics are obviously reversed between the R-and L-polarized excitations, which indicates inversion of the spin polarization of the photo-excited carriers. Moreover, in order to verify the relationship between spin polarization and photocurrent, we investigated the α-dependence of the Kerr rotation signals (blue circles in Fig. 2e ). The α-dependence of the spin component is on the order of THz amplitude. This result indicates that the degree of spin polarization in the y direction depends on the flow direction of the photocurrent (see Supplementary Information). Consequently, it is clear that the flow direction of the spin-polarized photocurrents can be controlled by the polarization of the excitation pulse alone.
Discussion
Finally, we discuss the relaxation process of the spin-polarized photocurrent. The spin relaxation time is estimated to be τ S ~ 15 fs from the above fitting procedure for the Kerr rotation signals. On the other hand, the relaxation time of the photo-excited carriers is estimated to be τ SC ~ 25 fs by fitting the data in Fig. 1b with a function obtained from the convolution of the relaxation profile of the photo-excited carriers and the Gaussian pulse profile (see Supplementary Information). We notice that τ SC is the same order as the spin relaxation time. From the electronic band structure of Bi 2 Te 3 TIs shown in Fig. 1g 27, 28 , the excitation pulses with center energy of 1.55 eV induce the optical transition from the bulk valence band (BVB 1 ) to the unoccupied second surface state (SS 2 ) at higher energy compared to the first surface state (SS 1 ). Hence the observed THz waves are radiated from the photocurrent due to the photo-excited carriers in SS 2 . The estimated relaxation time of the photocurrent τ SC is much shorter than the relaxation time due to electron-phonon scattering (500 fs) 29 and the scattering time (300-450 fs) at the grain boundary that is calculated from the Fermi velocity of Bi 2 Te 3 (~3.3 × 10 5 m/s) 30 and grain size (0.2-0.3 μm). Besides scattering due to defects, impurities and carriers at the surface, therefore we suggest that the relaxation time of the photo-excited carriers τ SC will originate from the escape of photo-excited carriers to the bulk because the flow direction of the photocurrent includes the z component relative to the depth direction. Moreover, when the spin-polarized photocurrent is transported from the surface to the bulk, the spin polarization will be immediately depolarized since the bulk states in Bi 2 Te 3 do not experience spin-momentum locking. Next we consider that the obtained spin relaxation time τ S is attributable to the spin relaxation of the photo-excited carriers in SS 2 . The results obtained in the present study indicate that the spin-polarized photo-excited carriers generated in SS 2 exhibit a high-speed response due to the fast relaxation from SS 2 to the second bulk conduction band (BCB 2 ).
In conclusion, we have demonstrated that excitation pulses with various polarizations can be used to precisely and intentionally control the flow direction of spin-polarized photocurrents generated in a Bi 2 Te 3 TI thin film via the photogalvanic effect. Our results could likely play an important role in the development of optoelectronic and spintronic TI devices.
